In the oxidative folding of bovine pancreatic trypsin inhibitor (BPTI) at neutral pH, only two onedislfide intermediates accumulate to a s nt extent, namely and . In this paper we describe a recombinant model of , designated A, which was made by replacing the cysteine residues not involved in the disu-de bond with alanine. Asjudged by two-dimensional NMR, A Bovine pancreatic trypsin inhibitor (BPTI) unfolds upon reduction of its three disulfide bonds (Fig. 1A) . This process is reversible, as oxidation of reduced BPTI results in formation of native protein. Thus, for BPTI, protein folding is coupled to disulfide bond formation (7, 13) . During the oxidative folding of BPTI at neutral pH, only five disulfidebonded intermediates accumulate to a substantial extent (Fig.  1B) , and each contain only native disulfide bonds (7).
A
Bovine pancreatic trypsin inhibitor (BPTI) unfolds upon reduction of its three disulfide bonds (Fig. 1A ). This process is reversible, as oxidation of reduced BPTI results in formation of native protein. Thus, for BPTI, protein folding is coupled to disulfide bond formation (7, 13) . During the oxidative folding of BPTI at neutral pH, only five disulfidebonded intermediates accumulate to a substantial extent (Fig.  1B) , and each contain only native disulfide bonds (7) .
Thermodynamic linkage requires that disulfide bond formation is coupled to protein stability. There is no requirement a priori, however, that disulfide-bonded intermediates correspond to partially folded states. For example, RNase T1 maintains a native structure, as determined by enzymatic activity and fluorescence, even after reduction of both disulfide bonds (14) , which together stabilize the protein by more than 8 kcal/mol (1 kcal = 4.18 kJ). Nevertheless, as protein folding intermediates have been difficult to isolate and characterize (15, 16) , one would like to know if the disulfidebonded intermediates that accumulate in the oxidative folding of BPTI correspond to partially folded states.
The three major two-disulfide intermediates that accumulate at neutral pH (Fig. 1B) do not correspond to partially folded states. They have all been shown to be folded essentially into the same conformation (refs. 9-12; A. Kossiakoff, personal communication) as native BPTI, though they are less stable. It has remained to be determined whether the major one-disulfide intermediates, and (Fig.   1B ), correspond to partially folded states.
A synthetic peptide model (17) of , named PaPy, has been made that contains two-thirds of the residues in BPTI; cysteines not involved in the disulfide bond have been replaced with alanines. As judged by NMR, PaPy folds into a close-packed native structure (17) with a melting temperature of =280C. A recombinant model of has also been made (18) . The first and last residues and the cysteine residues involved in disulfide bonds are labeled. The disulfide bond 14-38 is accessible to solvent, exposing 48% of its total surface area, whereas the disulfide bonds 30-51 and 5-55 are inaccessible, exposing 0o of their total surface area (2, 5, 6 (8) .
Estimates for the relative rates of intramolecular transitions at pH 7.3 are indicated (7); "very fast" rates are on the order of milliseconds, while "very slow" rates are on the order of months. NSH, N*, and [30-51; 14-38] fold into essentially the same conformation (refs. 9-12; A. Kossiakoff, personal communication) as native BPTI.
model folds with a melting temperature (18) of =15TC, but it is unfolded at 250C, the temperature at which is observed during folding (7) . The instability of this model may Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; COSY, two-dimensional correlated spectroscopy; NOE, nuclear Overhauser effect; NOESY, two-dimensional nuclear Overhauser spectroscopy; TOCSY, two-dimensional total correlation spectroscopy.
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arise from the Cys -* Ser substitutions and/or the Met-52
Arg substitution that was also introduced (18) .
We have made a different recombinant model of (21) ; the concentrations ofnative BPTI stock solutions, using an extinction coefficient (23) of 5400 cm-1-M-1 at 280 nm.
NMR. Strong similarity between spectra of Ala and native BPTI facilitated the transfer ofassignments (24) (25) (26) from native BPTI to Ala, which were checked by identifying unambiguous, sequential, nuclear Overhauser effect (NOE) connectivities (27) . Spectra of BPTI at 20"C were assigned by transferring assignments (25) from 36"C. Spectra were collected at a protein concentration of =5 mM (pH 4.6) in the absence of buffer and salt. Trimethylsilylpropionic acid was used as a standard (28) . Data were collected on a Bruker AMX 500-MHz spectrometer, presaturating water for 1.5 s. After four dummy scans, 1024 data points were collected in the t2 dimension averaging over at least 32 free-induction decays; 256 increments were used in the t1 dimension. Data from two-dimensional nuclear Overhauser spectroscopy (NOESY) experiments were collected with a mixing time of 150 ms; data from twodimensional total correlation spectroscopy (TOCSY) experiments, with mixing times of 45 or 110 ms. Two-dimensional correlated spectroscopy (COSY) and TOCSY data were processed by using a Gaussian/Lorentzian window in t2 and a shifted sine-bell and Kaiser window in tj; NOESY data, using a shifted sine-bell in t2 and tj. In all data sets, the first t1 was multiplied (29) by 0.5. RESULTS
The circular dichroism signal of [5-55bua at 222 nm exhibits a sigmoidal dependence on temperature, indicating that [5-55IAla folds (Fig. 2) . Upon reduction of the disulfide bond in 
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At 15'C, where AIa is folded (Fig. 2) , Similarity between NMR spectra of Aja and native BPTI facilitated the assignment of proton spectra of AIa (Fig. 3A) . These assignments were checked for internal consistency by identifying unambiguous sequential, NOE connectivities (Fig. 3B ). All residues exhibited at least one unambiguous sequential NOE, except Gly-37, which was assigned by default. Only one set of cross-peaks is observed in the COSY spectrum (Fig. 3A) , indicating that [5- AIa in H20 at 200C, pH 4.6. A representative set of unambiguous nonsequential NOEs is shown (see Table 2 ). (B) Unambiguous nonsequential NOEs arise from pairs of protons distributed throughout the molecule and are consistent with the formation of both secondary and tertiary native structure. Some of these proton pairs are displayed on a schematic representation (31) of the crystal structure (1-3) for native BPTI (see Table 2 ). NOE data support the conclusion that AIa folds into essentially the same conformation as native BPTI (Fig. 4A) . Thirty-four unambiguous nonsequential NOEs have been identified in spectra of AIa. These NOEs arise from pairs of protons that are within 5.4 A of one another in the crystal structure (1) of native BPTI ( Table 2 ). The three NOEs that arise from protons that are farther apart than 4.6 A in the crystal structure of native BPTI involve protons at the interface of the a-helix and the 8-sheet (Table 2 ; Fig. 4B ). This observation is consistent with a minor shift ofthe a-helix toward the 8-sheet, which is observed in the crystal structure (11) of the mutant C30A/C51A, a model for the native intermediate N* (Fig. 1B) . We conclude that all identified NOEs are consistent with the formation of a native fold in Ala (Fig. 4B) . DISCUSSION Explanation for the Properties of in the Folding Pathway of BPTI. Our results indicate that Ala folds into essentially the same conformation as native BPTI. This observation provides an explanation for many of the thermodynamic and kinetic properties of in the folding pathway of BPTI as discussed below.
(i) Of the 15 possible one-disulfide intermediates, only the intermediates and accumulate to a significant extent (7) at neutral pH (Fig. 1B) . The accumulation of during folding is explained by the essentially native fold of this intermediate.
(ii) At neutral pH, forms the 14-38 disulfide bond as fast as the native intermediate NIlH (Fig. 1B) forms the same disuffide bond (ref. 7 and J. S. Weissman, P.S.K., unpublished results). Native structure in explains the rapid rate at which it forms the 14-38 disulfide bond (Fig. 1A) .
(iii) The intermediate does not readily form the 30-51 disulfide bond (7, 13, 32) (Fig. 1B) . Native structure in should bring Cys-30 and Cys-51 close together, but native structure should also bury these residues (Fig. 1A) , rendering them inaccessible to external oxidizing agent and thus inhibiting the formation ofthe 30-51 disulfide bond (see also ref. 39 ).
(iv) Though the intermediate predominates over at neutral pH, the relative amount of [5-55] is decreased substantially (7) at pH 8.7. The burial of Cys-30 and Proc. Natl. Acad. Sci. USA 89 (1992) Cys-51 (Fig. 1A) in the folding of will be unfavorable at pH 8.7 , where approximately half of all cysteines will be negatively charged. The lower sensitivity of to moderately alkaline pH suggests that the burial of cysteines in occurs to a lesser degree than in .
(v) At neutral pH, the rearrangement of to by thiol-disulfide exchange is slow (7) (Fig. 1B) relative to the rearrangement of an unfolded one-disulfide intermediate. Native structure in will bury the 5-55 disulfide bond (Fig. 1A) and restrict the flexibility of the remaining cysteines. Both of these effects will reduce the ability of to rearrange.
Implications for the Folding Pathway of BPTI. Protein folding intermediates have been difficult to isolate and characterize structurally (15, 16) . The disulfide-bonded intermediates that accumulate in the oxidative folding pathway of BPTI have been trapped successfully (7, 13) . Earlier attempts to characterize the structural details of these disulfidebonded intermediates (33) were hampered by charged carboxymethyl blocking groups that were added to free cysteines in the trapping of these intermediates.
Trapping the one-disulfide intermediate by mutating free cysteines to alanine has facilitated the structural and functional characterization ofthis intermediate. We conclude that is not a protein folding intermediate in a structural sense. Moreover, we demonstrate that BPTI requires only a single disulfide bond for folding and function.
Presently, four of the five well-populated disulfide-bonded intermediates in the folding pathway of BPTI have been shown to be essentially completely folded (refs. 9-12; A. Kossiakoff, personal communication). Still, it remains to be seen if the disulfide-bonded intermediate (Fig. 1B) is a folding intermediate in a structural sense. Studies of a peptide model have shown that a native-like subdomain can form in the presence of the 30-51 disulfide bond (34) , and preliminary studies of a recombinant model suggest that contains substantial unfolded regions (J.P.S., D. M. -Nguyen, and P.S.K., unpublished results).
In designing the recombinant model [5-S5]Ala, we aimed to mimic the intermediate as it accumulates at neutral pH. During folding under more alkaline conditions (13) , at pH 8.7, which is near the pKa of a cysteine thiol, the stability and structure of the disulfide-bonded intermediates may be perturbed by charged cysteines, as four of the six cysteine sulfurs are buried in native BPTI (Fig. 1A) . Moreover, since both the charged and neutral forms of cysteine are present at pH 8.7, it is unclear how to model cysteine at this pH with a single mutation. At neutral pH, however, alanine seems to be an appropriate substitution, as alanine, in contrast to serine, will not resist native folding events that may tend to bury free cysteines. The validity of alanine as a substitution is supported by the observation that [555]Ala is predominantly folded at 25°C, a temperature at which accumulates significantly during folding at neutral pH; in contrast, a model of in which cysteine is replaced with serine is predominantly unfolded at this temperature (18) .
Given that Ala is a completely folded protein, we note that it is an attractive model system for studying protein folding. The folding of Ala is coupled to the formation of just a single disulfide bond; this coupling provides a unique opportunity to study global protein stability by measuring the equilibrium (35) between the oxidized and reduced states of Ala. The proton NMR assignments of a, in addition to its stability and solubility, will facilitate further NMR experiments such as hydrogen exchange measurements at equilibrium (36) or during folding (37, 38) . The peptide model PaPy, a subdomain of , folds into a compact, native-like structure (17) . This knowledge, in addition to the wealth of information already known about BPTI, will supplement further studies of [5- AMa reduces the melting temperature by '100C, as determined by circular dichroism (M. G. Milla, J.P.S., and P.S.K., unpublished results). In contrast, the removal of the amino-terminal methionine in [S-SS]Ala increases the melting temperature by only -20C (M. G. Milla, J.P.S., and P.S.K., unpublished results). Thus, serine substitutions appear to account for most of the instability of [S-SS]s5r, although the destabilizing effect of the Met-52 -* Arg substitution is significant. Despite the instability of ser, it has been shown recently that this model can also fold into a conformation that is similar to native BPTI (40) .
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